For the purpose of observing the effects of fast neutron irradiation on the hematopoietic organs of rats, Wistar rats were administered a single exposure of 500 rads and 400 rads of 14.1 MeV neutron irradiation and repeated exposures of 200 rads of neutron irradiation.
INTRODUCTION
Neutron irradiation in comparison to X-ray and gamma ray irradiation brings about a greater damage not only to the intestinal mucosa1,2,3> but also to the lym phatic tissue") and medullary hematopoietic tissue 5,6) of mice. Our earlier exper iment has shown that 14.1 MeV neutron irradiation in comparison with 180 kVP X-ray irradiation of the same absorbed dose and also of the dose considered to have the same effect as neutron with regard to acute deaths , damaged the bone marrow to a greater extent and brought about a delay in its recovery until the end of the first week following irradiation7'8).
The relative biological effectiveness (RBE) of 14.1 MeV neutron for the 50% decrease in the number of nucleated cells of the bone marrow of mice was approximately 1.2 against 180 kVP X-rays) . Hardly any his tological studies have been made on bone marrow damage due to neutron irradiation and especially on the regeneration process following such damage. Our ex periments8,10> using ddN mice showed that (1) the degree of bone marrow damage due to X-ray irradiation was severe in the metaphysis and epiphysis of the femur and mild in the shaft, but there was no great difference in the degree of bone marrow damage due to neutron irradiation according to anatomical site of the femur and that (2) the regeneration of the bone marrow damaged by neutron irradiation more often began about the trabeculae than that of the bone marrow damaged by X-ray irradiation.
In a subsequent experiment"), a delay was observed in the regeneration of the bone marrow of mice exposed to X-ray irradiation on the second and third week following the exposure together with the appearance of secondary disturbances in the bone marrow, but on the other hand the re generation of the bone marrow of mice exposed to neutron irradiation was compara tively favorable.
It would be interesting to determine whether or not a histological difference of the damaged bone marrow and its regulating pattern between neutron irradiated mice and X-ray irradiated mice could be also seen in rats and to observe the effects of repeated neutron irradiations on the hematopoietic organs of rats. This paper chiefly deals with the experimental results on the effects of single and re peated fast neutron irradiations on the hematopoietic organs, the bone marrow in particular, of rats.
A simple description is added with regard to the RBE of fast neutron for the atrophy of lymphatic organs of rats.
MATERIALS AND METHODS
Female Wistar rats 7-10 weeks old were used in the experiments.
Three groups of rats were employed for their respective purposes.
In the first series to observe the effects of a single exposure of fast neutron irradiation on the hematopoietic organs of rats, 30 seven-week-old female Wistar rats and 60 eight-week-old female Wistar rats were given total body exposure of 5C0 rads and 4C0 rads of 14.1 MeV neutron irradiation.
For 30 days following irradiation blood tests were periodically performed and thereafter the animals were sacrificed. In the next series to estimate the RBE of 14.1 MeV neutron for the atrophy of the hematopoietic organs of rats, three groups composed of 20 ten-week-old female Wistar rats were exposed to 75, 150 and 300 rads of neutron irradiation and all the animals were sacrificed three days after irradiation.
In the third series to observe the effects of repeated fast neutron irradiations on the hematopoietic organs of rats , 21 ten-week old female Wistar rats were exposed to 200 rads of neutron irradiation for four times at one week interval.
After conducting blood tests on 3 of these animals on the second day following each irradiation and on 5th, 10th, 15th and 30th day after the final irradiation, they were sacrificed.
In these experiments in addition to the blood tests, determinations were made of the ratio of the weight of the spleen, thymus, and mesenteric lymph nodes to the body weight and the DNA content in femoral bone marrow, spleen, thymus and mesenteric lymph nodes and further histological observations were made of the chief hematopoietic organs.
In determining the DNA content in the femoral bone marrow the entire femoral bone was finely crushed.
Hematoxylin eosin stain was chiefly applied in staining the histological specimens.
The results of these ex periments were compared with the findings observed in female rats of the same strain which was exposed to the same absorbed dose of 180 kVP X-ray and 60Co gamma ray irradiation.
For neutron irradiation, Toshiba NS-H Model T (d, n) reaction neutron generator was used. 
EXPERIMENTAL RESULTS
Effect of single whole body irradiation No case of natural death was observed among the 7-week-old female Wistar rats which were exposed to 500 rads of X-ray and gamma ray irradiation during the 30-day observation period following irra diation, but all the animals exposed to 500 rads of neutron irradiation died within 5 days following irradiation and therefore subsequent data could not be obtained from the animals exposed to 500 rads of neutron irradiation.
On the other hand, none of the animals exposed to 400 rads of neutron irradiation experienced radiation death during the 30 days following irradiation as in the case of animals exposed to the same absorbed dose of X-ray and gamma ray irradiation.
The peripheral lymphocyte count showed a sudden decrease immediately after exposure to 500 rads and 400 rads to reach the lowest level three days after irra diation, but the peripheral granulocyte count, after making a remarkable but temporary increase 6 hours and 12 hours following irradiation, decreased sharply (Figs 1 and 2 ). The magnitude of decrease in lymphocyte count and temporary increase in granulocyte count was the severest in the neutron irradiated animals . In the rats exposed to 400 rads of neutron irradiation the lowest lymphocyte count was reached three days after exposure and the lowest granulocyte count was The hypoplasia of the spleen, thymus, lymph nodes (mesenteric, inguinal, ax illary, and cervical lymph nodes) was most remarkable three days following exposure in both the series exposed to 500 rads and the series exposed to 400 rads. The level of hypoplasia was most remarkable in the neutron irradiated group. In the group exposed to 400 rads of neutron irradiation, there was a delay in the regeneration of the hematopoietic tissue, in particular the lymphatic tissue (Table 1) . However, 12 days following exposure, the level of regeneration of the femoral bone marrow of the neutron irradiated group was superior to that of the X-ray irradiated group (Table 2) . The histological findings observed in the hematopoietic organs closely followed the changes in the peripheral blood picture, DNA content and the ratio of the weight of these organs to the body. The following characteristic histological findings were observed in the femoral and sternal bone marrow of neutron irradiated rats.
Firstly, in the bone marrow of the neutron irradiated animals there was a greater residue of bone marrow cells adjacent to the trabeculae one day and three days following irradiation than that of animals exposed to other types of radiation and further the subsequent regen eration of bone marrow from about the trabeculae was more remarkable. Residue of bone marrow cells adjacent to the trabeculae could not be observed in mice. In the femoral bone marrow of X-ray and gamma ray irradiated animals the hy poplasia of the shaft was slight but that of the metaphysis was remarkable three days following irradiation.
The degree of femoral bone marrow damage showed a great difference according to the site of the femur. On the contrary, no rem arkable difference in bone marrow damage was observed according to the anatomical site of the femur of neutron irradiated animals. Further, during the recovery stage the shaft of the femoral bone marrow of X-ray irradiated animals 12 days after irradiation showed a histological picture, indicating an almost normal recovery, but there was a marked delay in regeneration in the metaphysis. These showed that the difference in degree of bone marrow damage between the shaft and the me taphysis was very remarkable.
The histological picture of the femoral bone marrow of neutron irradiated animals during the same period was a direct contrast to this. The regenerative picture of the bone marrow of the shaft and of the metaphysis was almost of the same degree or somewhat more marked in the metaphysis, in particular that adjacent to the trabeculae. It is noteworthy that the degree of bone marrow regeneration showed a slight difference by site of the femur.
The amount of residual bone marrow cells about the trabeculae and the degree of regeneration of the hematopoietic tissue were great in neutron irradiated animals, slight in X-ray irradiated animals and intermediate in gamma irradiated rats. On the contrary, the difference in bone marrow damage by site of the femur was great in the X-ray irradiated animals, small in the neutron irradiated animals and inter mediate in gamma ray irradiated animals.
Relative biological effectiveness The experimental groups of 20 ten-week-old Wistar rats were exposed to 75, 150, and 300 rads of neutron, X-ray and gamma ray irrdiation, respectively and to determine the RBE of some of the subjects various tests were performed three days after irradiation.
Further, for reference the histological findings of the various hematopoietic organs were also obtained. Unexpectedly in this series of experiments a considerably large variation in certain values was observed between the experimental animals and between the exper imental groups.
For this reason it was difficult to determine the accurate RBE for the 50% decrease in peripheral leucocyte count, lymphocyte count, granulocyte count, DNA value of the femoral bone marrow and the ratio of the mesenteric lymph node weight to the body weight.
However, the variation in the ratio of the weight of the spleen and thymus to the body was small between animals and experimental groups.
The effect of exposure in the spleen weight of rats was small when compared with that of mice, and even by irradiation of 300 rads of various type of radiation a sufficient decrease in spleen weight of rats could not be induced.
It was roughly estimated that the dose of the radiations would have to be considerably high to bring about 50% decrease in the ratio of the spleen weight to the body.
To bring about a 20% decrease in the above ratio in three days following irradiation, a dose of about 150.6±1. were given a single whole body exposure of 500 rads of neutron irradiation, they all died within 5 days following irradiation.
However, when 10-week-old female rats of the same strain were exposed to 200 rads of neutron irradiation for four times at an interval of one week, none of the animals died within the 30-day observation period following the last irradiation.
Shown in Fig. 7 is the changes in the peripheral lymphocyte count of rats exposed to 200 rads of neutron, X-ray, and gamma ray irradiation for four times . There was a sudden decrease in count two days following the first exposure , the decrease being the most remarkable in the neutron irradiated group . The rate of decrease in count became smaller after the second exposure and in the X-ray and gamma ray irradiated groups the lymphocyte count two days following the last exposure made on the contrary a slight increase. However, in the neutron irra diated group the lymphocyte count two days following the last exposure showed a slight decrease.
The recovery of the lymphocyte count following the final ex posure was evidently delayed in the neutron irradiated animals. As shown in Figure  8 , the decrease in granulocyte count was not as remarkable severe than that following exposure to other types of radiation and furthermore, the recovery of body weight was also delayed.
The ratio of the weight of the spleen, thymus, and mesenteric lymph node to the body weight made a remarkable decrease two days following the first exposure and the ratio of the weight of spleen and thymus to the body decreased as the number of exposures was increased (Figs. 9  and 10 ). The decrease in the ratio of the weight of the organs to the body was the severest in degree in the neutron irradiated group and its recovery was delayed, but the ratio of the spleen weight to the body was superior than that of other groups 15 days following the final exposure. As shown in Figure 11 , the decrease in DNA content in the femoral bone marrow following exposure was somewhat milder in degree than the decrease in the ratio of the spleen weight to the body. The decrease in the DNA content in the bone marrow was comparatively gradual in the X-ray and gamma ray irradiated groups.
It reached the lowest level two days following the third exposure and showed a slight recovery two days following the final exposure.
On the other hand in the neutron irradiated group a rapid decline was observed two days following the first exposure and it reached the minimum level of a remarkable low value two days following the last exposure. The recovery thereafter was also delayed. The hypoplasia of the spleen, thymus, lymph nodes (mesenteric, inguinal, axillary and cervical lymph nodes) and the femoral and sternal bone marrow was histol ogically noted to be remarkable in the neutron irradiated group, being the most marked two days following the final exposure and the subsequent regeneration was found to be delayed.
These histological findings generally corresponded to the findings, the body weight ratio to that spleen, of the thymus, and mesenteric lymph node, and the DNA content of the bone marrow . There was hardly any difference in the hypoplasia of the bone marrow by site in the femur and sternum in the neutron irradiated group as in the case when the animals were given a single exposure and the picture demonstrating regeneration of the bone marrow adjacent to the trabeculae was comparatively frequently seen . However, in the X-ray and gamma ray irradiated group the hypoplasia of the bone marrow was generally not remarkable and therefore the difference in hypoplasia by site in the bone was not as marked as that observed when given a single massive exposure of X-ray and gamma ray. In this series of experiments the quantitative superiority of megakaryocytes and eosinophils was predominant. This suggests that megakaryocytes and eosinophils are more radioresistant than other bone marrow cells and that these remaining cells show a more comparatively rapid regeneration than that those observed after a single exposure . The regeneration of the megakaryocytes was rapid in the X-ray and gamma ray irradiated group , but comparatively weak in the neutron irradiated group. This is considered to reflect the greater inhibitory effect of neutron irradiation on megakaryocyte re generation than that of X-ray and gamma ray irradiation. As described, the effect of repeated neutron irradiations on the hematopoietic organs is much more remarkable than that after a single exposure. This can be said to be due to the cummulative inhibitory effect of each neutron irradiation on the regeneration of the hematopoietic tissue. It is evident that there was a greater delay in the regeneration of the hematopoietic tissue of rats 7 days following exposure to 200 rads of neutron irradiation than that in rats exposed to other radiations.
DISCUSSION
The effects of 14.1 MeV neutron irradiation on the hematopoietic organs of rats , as determined by the changes in lymphocyte count, granulocyte count , ratio of the weight of spleen, thymus, and mesenteric lymph node to body weight , DNA content of the femoral bone marrow, and histological findings of the hematopoietic organs following irradiation, did not show any great difference from those observed in mice . One of the small differences was the delayed appearance of the marked disturbance in rats following neutron irradiation in comparison with the appearance time in mice. The lowest level in the granulocyte count was reached three days following irradiation in mice, but in rats it was seen five days. A similar trend was also noted in the DNA content of the femoral bone marrow and in an appreciable level in the histological findings of the lymphatic tissue. Thus, the regeneration and recovery of these hematopoietic tissues of irradiated rats began later than those of the irradiated mice. It is evident that these findings do not imply that the radio sensitivity of the hematopoietic tissues of rats is lower than that of mice. It was clearly demonstrated in the bone marrow of neutron irradiated rats that there was a relatively large residue of bone marrow cells adjacent to the trabeculae one day and three days following irradiation.
However, in the bone marrow of neutron irradiated mice such findings could not be observed 8> despite the fact that regeneration of the bone marrow was often noted in the recovery period about the trabeculae.
In the bone marrow of the neutron irradiated rats the regeneration of the bone marrow tissue about the trabeculae was comparatively remarkable, this being considered a natural result of the foregoing findings. These differences ob served between rats and mice may in part be attributable to the probable difference in the trabecular space between mice and rats. 
